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Abstract 

We suggest a systematic procedure to study D- and F-flat directions in a large 
class of models with an anomalous U(l). This class of models is characterized by 
the existence of a vacuum that breaks all Abelian gauge symmetries connecting the 
observable sector to the hidden sector. We show that, under some conditions, there is no 
other stable vacuum that breaks these symmetries. As a consequence, the model yields 
definite (order of magnitude) predictions for low-energy mass hierarchies. Then we 
study generic flat directions and identify the ones that may lead to undesirable vacua. 
We give necessary conditions for those to be lifted, and show that supersymmetry 
breaking only slightly affects the conclusions from the flat direction analysis. 
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1 Introduction 



There has been a growing interest for models with an anomalous Abelian gauge 
symmetry in the last few years. This anomalous U(l), which is a generic prediction 
of a wide class of effective string theories has been shown to play a role in several 
fundamental issues such as the origin of fermion mass hierarchies ||, supersymmetry 
breaking (7j, /2-parity conservation |8| and inflation Q. Beyond the fact that it has 



non-vanishing anomalies, to be compensated for by the Green-Schwarz mechanism [10], 
the most remarkable feature of an anomalous U (l)x is the structure of its D-term: 

d x = ^j^i^i 2 - e (i) 

i 

where the Fayet-Iliopoulos term £ 2 is computed to be0 (—TrX) g 2 Mpj/192 71" 2 in string 
theory pi] . For supersymmetry to be preserved, some field must acquire a vacuum 
expectation value (vev) of order £. As a result, U(l)x is broken slightly below the 
Planck scale [|l^], and its breaking scale is fixed by the mixed gravitational anomaly 
C g = TrX. 

The vacuum structure of models with an anomalous U(l) is therefore very particu- 
lar, and the issue of characterizing the flat directions along which it is broken is a very 
crucial one[]. First because these flat directions may lead to non- viable vacua in which 
either supersymmetry (if (|l]) has no solution, or if its solutions are spoiled by F-terms) 
or the Standard Model symmetries (if e.g. a squark acquires a vev of order £) are 
broken at the scale £ Q Secondly, the phenomenological implications of the anomalous 
U(l) strongly depend on the nature of the low-energy vacuum. For example, in fermion 
mass models based on horizontal Abelian symmetries p4fl , the Yukawa couplings are 
functions of singlet vevs which couple to the quarks and leptons. A similar statement 
can be made for neutrinos masses and mixings pi], sfermion masses and the magni- 



tude of flavour changing neutral currents [16, 13], as well as baryon and lepton number 
violating couplings [17]. 

In this letter, we suggest a systematic step by step procedure to analyze D-flat and 
F-Hat directions in such models. In section [2], we first define the class of anomalous 
U(l) models to which our analysis apply. Then we solve the D-term constraints, and 
we study under which conditions the D-B.at directions are lifted by F-terms. In section 
||, we show the relevance of the flat direction analysis to the determination of the low- 
energy vacuum. The procedure is summarized in Section ||, and it is applied to an 
explicit model in Section ^. We state our conclusions in Section |(| 



2 Flat direction analysis 

2.1 Models with an anomalous U(l) 

We consider super symmetric models with a gauge group G Q b s x U(l)x x U (l)i x . . . x 
U(1)n X Ghid-, where G b s contains either the Standard Model or a GUT group, Ghid is 

5 In our conventions, the X charge is normalized in such a way that C g = TrX is negative. 

6 The first study of flat directions in a model with an anomalous (7(1) and a singlet field beyond the 
MSSM has been done in Ref. 

7 As was shown in Ref. B, the requirement that this does not happen puts severe constraints on 
the models, which in turn provides valuable information on issues such as i?-parity and the origin of 
the mu-term. 
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some hidden gauge group, and there is a set of Abelian (horizontal) factors connecting 
both sectors. We denote the anomalous charge by X, and the non-anomalous ones 
by Y"i, Y^r. In general, but not always, fields charged under G Q b s are singlets 
under Ghid and vice versa^, both carrying X, Y\, ... and Y/v charges. This structure 
is characteristic of several classes of string models 0, H, B, E3]. In the following, we call 
G = G bs x Ghid, and we denote generically the fields charged under G by <!>j , and the 
G-singlets by Xi ■ 

As stressed in the introduction, some of these fields must acquire non-vanishing 
vacuum expectation values through the Dine-Seiberg-Witten (DSW) mechanism |l2j 
in order for supersymmetry to be preserved. This in turn breaks U(l)x slightly below 
the string scale, possibly together with some other symmetries. Since the Standard 
Model symmetries must not be broken at that scale, we shall assume that there exists 
a solution of the D- and F-term equations that breaks only the Abelian factors^]. The 
D-terms equations: 

d x = E a x a \(9 a )\ 2 - e = o 

(2) 

D Yi = E a yi%a)| 2 = o 

where the G-singlets with non- vanishing vevs are denoted by 6 a , have in general several 
solutions, due to the large number of G-singlets generally present in string models. We 
shall assume the existence of at least one solution {(0 a )} of (Q) satisfying the following 
requirements: 

• all Abelian symmetries connecting the hidden sector to the observable sector are 
broken at the scale £; while probably too strong, this requirement enables the 
models to escape many phenomenological problems^. The number of fields 
must then be equal to the number of C/(l)'s or greater. 

• the low-energy mass hierarchies (in particular fermion masses), which are gener- 
ated by the small parameters (9 a )/Mpi, are completely determined by the high- 
energy theory. This means that there must be no more 6 fields than ?7(l)'s, 
otherwise the (9 a ) would not be uniquely determined by (||). 

In other words, we assume the existence of at least one (N + l)-plet of G-singlets 
(#o, • • • , &n) such that: 

(a) the matrix of the 6 field charges is invertible: 



det A ^ where 



/ x x\ ... x N \ 

[i] [i] [i] 

yo vi ■■■ Vn 

Vyf y? ] ■•■ y [ N ] J 



(3) 



This particularity enables us to study separately the flat directions involving observable and hidden 
fields. Our main interest in this paper is the observable sector, but our analysis applies to the hidden 
sector as well. 

9 This assumption may be not very convenient for models that have a unified gauge group in the 
observable sector, because this group must break down at the GUT scale. However, in the models of 
Ref. ||, the adjoint Higgs fields needed to break the GUT group do not carry any Abelian charges, so 
that they can develop vevs without any effect on the Abelian D-terms and their solutions. 

10 Note that the Abelian factors that G may contain, being either observable or hidden, do not suffer 
from these problems. So they can survive down to low energies. 
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and the first column of A 1 only contains strictly positive entries. This ensures the 
existence of a vacuum (9q, . . . , 9n) dsw with 



( m? 



DSW 

\{8i}\r>sw 



\ \{0n)\ DS w J 
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(4) 



which we shall refer to as the DSW vacuum. 

In addition, one must check that this vacuum is not spoiled by the F-terms. Since 
condition (|3|) ensures that there is no invariant of the form 9q°9i 1 ...O^f 1 , this can 
happen only if the superpotential contains a term linear in the x an( 4 3> fields. Our 
second assumption is then: 

(b) there is no holomorphic invariant X^o ®™ 1 ■ ■ ■ ^N* nnear i n X; where % ls a G- 
singlet other than the 9 fields. This amounts to a condition on the charges of x, namely 
at least one of the numbers no, • • • , h-tv defined by 



711 



( X x \ 



A' 



\Y± N] 



(5) 



has to be either fractional or negative. Note that if x is a right-handed neutrino, this 
constraint leads to an automatic conservation of imparity ||. Finally, let us stress 
that the additional constraint (W) = 0, which must be imposed in (unbroken) local 
super symmetry, is automatically satisfied by the DSW vacuum: in the absence of an 
invariant O^O™ 1 . . . 9^ , any term in W gives a vanishing contribution to (W). 

Since we are dealing with an effective field theory, we must put in the superpo- 
tential all possible interactions allowed by the symmetries of the theory, including 
non-renormalizable terms suppressed by inverse powers of the Planck mass (in the fol- 
lowing, we set Mpi = 1). An important comment is in order here. Due to discrete 
symmetries and conformal selection rules, the superpotential of an effective string the- 
ory does not contain every term allowed by the (continuous) gauge symmetries. This 
may have important consequences, in particular some D-flat directions that one would 
naively expect to be lifted by F-terms could remain flat to all orders [23]. In order 



to keep our discussion as general as possible, we shall neglect this effect for the rest of 
the paper. Thus the criteria that we give in Subsection 2J3 for a D-flat direction to be 
lifted should be regarded as necessary conditions only. 

Let us have a look at the generic form of superpotential terms. In general, G- 
invariants and G-singlets are not neutral under the Abelian symmetries, and must 
appear multiplied by powers of the 9 fields. Condition (a) allows us to assign, through 
Eq. (JsJ) , a set of numbers {n a } = (no, . . . , un) to each G-invariant S = &y . . . <3?^ n 
(resp. G-singlet x)- If au n » are positive integers, then S'^q ^™ 1 . . . 9^ is an holomor- 
phic invariant and can be present in the superpotential^. If all n a are positive, but 

11 It is quite remarkable that condition which ensures the existence of the DSW vacuum, is at 
the same time the one that is required for invariants of the form S 8^° 8" 1 . . . 8^ N to exist . Those 
invariants are precisely the ones needed to generate mass hierarchies in the DSW vacuum, with S 
being Yukawa couplings. Note that this is not true in the non-anomalous case: the condition required 
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some of them are fractional, the invariant appears at higher order: (5 Q^O™ 1 . . . O^f)™ 1 . 
Finally, if some n a is negative, one can not form any holomorphic invariant out of S 
and the 9 fields; we shall refer to this last situation by saying that S corresponds to a 
super symmetric zero in the superpotential. 



2.2 D-flatness 



Before characterizing the D-flat directions of the models defined above, let us recall 



a very usefull theorem [19| which we shall use throughout this paper. In a globally 
super symmetric theory with a compact gauge group G, and no Fayet-Iliopoulos term 
associated with the Abelian factors that G may contain, the zeroes of the D-terms can 
be classified in terms of the holomorphic gauge invariants. More precisely, a set of vevs 



1 



. n 



(6) 



. . . , $ n ) is a solution of the .D-term constraints if and only [ 20 1 if there exists a 
G-invariant holomorphic polynomial J($i, ■ ■ ■ , 3> n ) such that: 

dl 

where C is a complex dimensional constant. A systematic way to study D-flat directions 
is then to find a finite basis of invariant monomials {S a } over which any holomorphic 
invariant polynomial can be decomposed. Such a basis is characteristic of the gauge 
group and the field content of the theory. As an example, a basis of the MSSM invariants 
can be found in Ref. pi] . 

We are now ready to make the following statement: to each basis G-invariant 
S = . . . (resp. G-singlet x)> corresponds a D-flat direction . . . $ n ; ) 
(resp. {x',8))> with 



<)? > \(0 a )\ 2 



DSW 



I 2 < \(Qa)\ D SW 



for n a > 
for n a < 



(7) 



As we show below, this is the only solution of the D-term constraints associated with 
S (resp. x)- Note that this is not, in general, a flat direction of the scalar potential, 
because the i^-term constraints F{ = are not necessarily satisfied. 

Let us prove this first in the case of a G-singlet x- The only input we need is the 
existence of the DSW vacuum (||). Then, using the definition (||) of the {n a }, the 
D-term constraints 



x x 



\ 



( 



I(X)| 2 + A 



K*o> 



\ 



( e 





V I (Ml 2 J 



(8) 



V J 



can be rewritten as: 



/ A|(0 O }| 2 \ 
A|(^i}| 2 

V AKgjv)! 2 ) 



\(x)\ 



( n \ 



(9) 



\ n N J 

for the 9 fields to develop a nonzero vev is det A = 0, which forbids the existence of the invariants 
9^™, except for some very specific charge assignments for which the powers (no, . . . , njv) 



are not uniquely determined. 



4 



where we have defined A\{9 a )\ 2 = \{8 a )\ 2 - \{0 a )\ 2 DSW . The sign of A\(6 Q )\ 2 is thus 
determined by the sign of n a . In particular, when the D-flat direction is associated with 
an holomorphic invariant of the whole gauge group G x U(l)x x U(l)i x ... x U(1)n, 
constraints ([?]) read: 



Wa)\ 2 > \(0a)\ 



2 

DSW 



a 



0,1... N 



(10) 



This is a remarkable difference with the non-anomalous case, in which the vevs of the 
fields are not bounded. The A | (9 a )\ 2 depend on a single parameter^, | (x) | 2 , which may 
be fixed by the F-tevm constraints, or by supersymmetry breaking. In the particular 
case where (x) = 0, one recovers the DSW vacuum. 

The generalization of (||) to the case of a basis G-invariant is straightforward. Ap- 
plying (^) to S = $ f 1 . . . , we find that the .D-terms associated with G constrain 
the vevs of the <I> fields to be alignedp^: 

|($i}| 2 |(<V 12 



in 



Pn 



(ii) 



As a result, we end up with a relation similar to (^), with |(x)| 2 replaced by Vg. In the 
following, we shall denote this L>-flat direction by (S, ) to stress the fact that the vevs 
of the fields in S are aligned. 

However, generic -D-flat directions are not associated with a single basis G-invariant, 
but rather with a polynomial in the basis G-invariants. More precisely, flat directions 

involving a given set of fields charged under G are parameterized by the vevs of 

p a rnn 

the G-invariants S a = fj j ^ 1 that can be formed out of those fieldspf 



l(**>[ 5 



E 



vl Pi 



;i2) 



where v 2 is a vevPI associated with the invariant S a . Then the most general solution 
of the complete set of .D-term constraints is a set of vevs ({3>i}, {xi}-, & } with: 



( A|(0o)| 2 \ 
A|^i}| 2 

^ A|(MI 2 I 



( < \ 



E 



+ E 



V n N ) 



(13) 



V n N J 



Clearly the relation \(9 a )\ 2 > \{0 a }\'bsw holds, for a given a, only when all powers n a a 
and n % a are positive. On the contrary, when one of these numbers is negative, \(0 a )\ 2 
can be smaller than \{0 a )\j)SW- This may lead to vacua in which (8 a ) vanishes after 
imposing the F-term constraints, or after supersymmetry breaking. We shall see in the 
following that formulae (||) and (|l^) considerably simplify the analysis of flat directions 
in anomalous U(l) models. 

12 This is no longer true when x is a singlet of the whole gauge group. In this case, no = ni = . . . = 
un = and Q is nothing but the DSW vacuum, whatever (x) may be. 

13 In this relation, |($i)| 2 stands for |($f }j 2 , where the $f are the components of the representa- 
tion of G spanned by <E>i . One should keep in mind that ([ll]) is a weaker constraint than the vanishing 
of the D-terms. 

14 Since the basis invariants are in general not independent, this parameterization is obviously redun- 
dant, but it turns out to be very convenient for our purpose. 

15 In general, the parameters u 2 are complex. In the following, we shall assume that they can always 
be chosen to be positive real numbers. While we do not have a general proof for this, it turns out to 
be the case in numerous explicit examples. We thank Carlos Savoy for a discussion on this point. 
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2.3 F-flatness 



In this section, we examine under which conditions a D-flat direction is lifted by 
D-terms. We first assume no compensation between different contributions to the F- 
terms, so that each individual contribution has to vanish for a D-flat direction to be 
preserved. We shall come back to this point in Subsection 2.3.4. 



2.3.1 Flat directions associated with a single G-invariant 

We first restrict our attention to D-flat directions (S, 9 ) that are associated with a 
single G-invariant S = . . . $^™. Two cases must be distinguished, depending on the 
signs of the numbers nf = (uq, . . . , nfj) associated with S: 

• all are positive, i.e. the .D-flat direction can be associated with some holo- 
morphic invariant S m 9™°9 7 [ tl . . .9^ N of the whole gauge group. This invariant 
contributes to the F-terms as[^] 

(FzJ = amC m v 2 s im ' 1} ($J) (9^(9^... (9 N ) m » + ... (14) 

where we made use of (||), a is a coupling constant, and vs is defined by (|TT|) . 
Since \ (9 a )\ 2 > \{^q)\ 2 dsw a l° n g the flat direction, this contribution vanishes only 
if (<J>j) = 0, or equivalently vs = 0. As a result, the flat direction breaks down to 
the DSW vacuum. 

• some of the n„ are negative, i.e. the D-flat direction cannot be associated 
with any holomorphic invariant of the whole gauge group. Such flat directions are 
in general not completely lifted, unless the superpotential contains an invariant 
of the form S' 9q° . . . 9^ (with S' a combination of basis G-invariants and 
X fields), where either one of the following two conditions is fulfilleoQ: (i) S 1 
contains no other field than the ones appearing in S, and n' a = or 1 if n a < 
(with the additional constraint Yl{ a -n a <0} n 'a — 1)> ( n ) contains only one field 
that does not appear in S, and n' a = if n a < 0. 

To illustrate the last point, let us consider a toy model with G = SU (3)c x SU (2) jj x 
U(l)y, two f/(l)'s, and the following field content: Q\, u%, U2, H u . We assume that the 
invariant associated with S = Q\u\H u is non- holomorphic, e.g. Q\uiH u 9q 1 9\. Then 
the superpotential contains only one term: 

W = a Q!u 2 H u 9^9^ (15) 

provided that no and n\ are positive integers. Note that S' = Q\U2H U contains only 
one field, that does not appear in S; therefore, it satisfies condition (ii) provided 
that no = 0. The only D-terms that are likely to be non-vanishing along the D-flat 
direction {Qx, u%, H u , 0q, 9\) associated with S are: 

F U2 = a Q 1 H u 9%°9 r ? (16) 

16 Let us recall here that throughout this paper, we assume that the superpotential contains every 
term allowed by (continuous) gauge invariance and holomorphy. This is not the case in string models, 
where discrete symmetries and selection rules generally forbid a lot of terms. 

17 When several n a are negative, these conditions are actually too strong. Using (^), one can show 
that, in most cases, only one n a has to vanish. 
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Using (||), we obtain: 

(F a2 ) = aC(u{) (#oP(#i) ni (17) 

If no = 0, the F-terms vanish only for vs = 0, and the L>-flat direction (Qi, ui, H u , 9q, 9\) 
breaks down to the DSW vacuum {9q,9\)dsw- If n o > 0, the F-term constraints have 
two solutions: the DSW vacuum (which corresponds to vs = 0), and a residual flat 
direction (Qi,«i, H u ,9{) with v 2 s = |(Qi)| 2 = |(ni}| 2 = \(H U }\ 2 = \{9 )\ 2 DSW and 
[ (6*i ) | 2 = ^\(Oo)\ 2 jsw + \ (@i)\'bsw- Thus the initial D-flat direction is only partially 
lifted, and the residual flat direction, along which {9q) = 0, can lead to another vacuum 
than the DSW vacuum. However, it can still be lifted by higher order operators. Indeed, 
the invariant (QiUiH u ) n ° (Q\U2H U ) Q^no+ni ^ w Ynch satisfies condition (ii)) contributes 
to (F a2 ) as: 

(3C no+l vf° (u\) {9 1 ) 3n ° +ni (18) 
which obviously vanishes only in the DSW vacuum (v$ = 0). 

2.3.2 Flat directions of G-singlets 

We consider now all possible D-flat directions involving only G-singlets. Two cases 
must be distinguished, depending on the signs of the numbers n l a = (n , • • • , n l N ) asso- 
ciated with each of the fields x%- 

• all n' l a are positive: in this case, \{9 a }\ 2 > \(®a)\ 2 Dsw a l° n g an Y flat direction 
of singlets. As a consequence, the D-term equations do not allow for any other 
vacuum of singlets than the vacuum (||). The other solutions of (|2|) are D-flat 
directions parameterized by the vevs of the x fields. Since these flat directions 
correspond to holomorphic invariants of the whole gauge group, they are lifted 
by -F-terms, leaving onlyQ the vacuum (Q). Therefore, in this case, the DSW 
vacuum is unique. 

• some n L a are negative: in this case, some of the K# Q )| 2 can be smaller than 
in vacuum (||). As can be seen from (|l3|), the D-term equations allow for vacua 
of singlets in which (9 a ) = 0, while some of the x fields have non-vanishing 
vevs. Those vacua correspond to particular points along .D-flat directions that 
are in general not completely lifted, unless the required holomorphic invariants 
(see Subsection p. 3.1 ) are present in the superpotentiaQ If this is the case, one 



recovers the uniqueness of the DSW vacuum. 

2.3.3 Generic flat directions 

Consider now a generic flat direction ({$i}; {Xi}i & ) involving G-charged fields as 
well as G-singlets. The relevant numbers here are {n^ ; n l a }, where the {n^} are associ- 
ated with the basis G-invariants {S a } that contain the The general requirement 

for this flat direction to be lifted is that invariants of the form S 9 °9 1 1 . . .9J* be 
present in the superpotential (where S' is a combination of basis G-invariants and x 
fields), where either one of the following two conditions is fulfilled: (i) S' contains no 
other field than the ones appearing in the flat direction, and n' a = or 1 if one of the 



1H 



While compensations inside the .F-terms may lead to oth er vacua than the vacuum (W), we shall 



consider this possibility as very unlikely (see Subsection 2.3.4) 
19 See previous note. 
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powers {n^ ; n l a } is negative (with the additional constraint that no more than one such 
n' a should be equal to 1); (ii) S' contains only one field that does not appear in the flat 
direction, and n' a = if one of the powers {n™ ; n l a } is negative. Several invariants are 
in general necessary to lift completely the flat direction. 

Clearly those conditions are automatically satisfied when all relevant {n^ ; n l a } are 
positive. In all other cases, one has to check explicitly that the invariants required are 
present in the superpotential, even if they appear at high orders. 



2.3.4 Cancellations inside the .F-terms 

So far we did not consider the possibility of compensations between different contri- 
butions to the i^-terms. The effect of such cancellations is to reduce the dimensionality 
of a D-flat direction, while one would naively expect it to be (at least partially) lifted. 
For instance, in the toy model of Subsection 2.3. 1| (case no > 0), contributions dl7| ) and 



(|18| ) cancel against each other in (Fu 2 ) if the following relation between vevs is satisfied: 

a(9 ) n ° + (3(Cv 2 s y° (6>i) 3no = (19) 

(note that the case no = does not suffer from this problem, since ([l?]) is the only 
contribution to (i^ 2 )). Such compensations are possible because the .F-terms, at least 
at low orders, are not all non-trivial and independent from each other. When higher 
order operators are added in the superpotential, the number of independent F-term 
constraints generally increases, and cancellations become less likely. We will neglect 
them here, but in the flat direction analysis of an explicit model, they have to be taken 
into account. 

The case of flat directions involving only G-singlets is more subtle, and needs a sep- 
arate discussion. Due to condition (9), the .F-terms of the 9 fields are not independent 
from the other F-terms: 



(20) 



where A x is the matrix of the charges of the x fields, defined in an analogous way to the 
matrix A. As a result, flat directions of G-singlets are constrained by exactly as many 
equations as fields^, and those (non-linear) equations have in general several solutions. 
Thus the theory possesses, at any order, vacua of singlets that may compete with the 
DSW vacuum. 

However, while the DSW vacuum is well-defined and stable against the addition of 
higher order terms in the superpotential (as implied by condition (b)), this is obviously 
not the case for the other vacua of singlets, which depend on the explicit form of the 
F-terms. This would not be a problem if all vevs were small compared with the mass 
scale by which nonrenormalizable operators are suppressed. But due to the anomalous 
Fayet-Iliopoulos term, the singlet vevs are generally very close to the Planck scalePI, 

20 This is not the case for flat directions involving fields charged under G, because the D-terms 
associated with G provide additional equations. 

21 Although we have no general proof for this statement, we could check it in many explicit examples. 
The reason for this is that in most cases, the other vacua than the DSW vacuum arise due to a series 
of compensations between terms of various dimensions in the f-terms. 
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and they are not expected to converge to any fixed value when higher order invariants 
are added in the superpotential (below we illustrate this point with a simple example). 
Such a situation obviously does not make sense in the context of an effective field theory, 
and for this reason we shall consider the DSW solution (in which (9) /Mpi is typically 
of order 0.01 — 0.1) as the only plausible vacuum of singlets. 

To illustrate this point, consider a toy model with three fields xi> X2 and 9, charged 
under the gauge group U(l)x with charges —5/3, —4/3 and 1. At order 8, the super- 
potential consists of the following three terms: 

W = c lX l9 5 + c 2 xl9 4 + c 3X iX29 3 (21) 

where ci, C2 and C3 are numerical coefficients of order one. If the last term in W 
were not present, there would be a unique DSW vacuum, with \{9)\ 2 DSW = £ 2 and 
{xi)dsw = (X2)dsw = 0. In the presence however of this term, there is an additional 
solution to the D-teim and F-term constraints: 

( 4 V /3 fir 5/3 

^ 27c 2 c 2 J \M P J 

M-V (^Y A/3 (22) 

where due to the positive powers in (|2~l|), \(9)\ > \{6)\dsw = £> and £ ~ (0.1— 0.01) Mpi. 
For coefficients ci, c 2 and C3 of order one, this solution gives (xi)/Mpi of order one, 
which is unacceptable in the context of an effective field theory. In addition, when 
higher order terms are added in (pi]), the vacuum (^2|) changes. 



(Xi) 
Mpi 

(xa) 



M, 



pi 



3 Supersymmetry breaking and low-energy vacuum 

The purpose of this section is to discuss how supersymmetry breaking affects the 
conclusions from the previous section. Since models with an anomalous U{\) have nu- 
merous implications for low-energy phenomenology, it is indeed essential to ensure that 
the flat direction analysis is relevant to the determination of the low-energy vacuum. 

The scalar potential of the low-energy theory reads: 

V = \ £ D a D a + J2 m)\ 2 + Vsv/sy (23) 

a i 

Since supersymmetry has to be broken in a soft way, Vsy/sy is of the form m + 
fh 2 V( 2 \ where fh ~ ITeV is the scale of supersymmetry breaking, and V^ 2 \ 
are functions of the scalar fields with dimensions 2 and 3, respectively]^]. This has 
the obvious consequence that the actual minimum of the scalar potential is close to a 
flat direction of the supersymmetric theory; otherwise the D-terms and F-terms would 
give a positive contribution of order £ 4 to V, while V S y/ S y would contribute at most 
as m£ 3 , with no possibility of compensation. We thus necessarily have (F^) -C £ 2 and 
(D a ) <C £ 2 , which implies in particular that the relations \ (9 a }\ 2 > \ (9 a )\ 2 jsw s ^ ^ 10 ^ 
(provided that the necessary conditions are satisfied), and that fields charged under 

22 This definition allows for higher order terms suppressed by negative powers of the Planck mass, 
e.g. $ n /M^- 2 G V (2) . 
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G with vevs of order £ should be aligned in the sense of Eq. (12). In addition, we 
shall assume that there are no compensations inside the .F-terms, which means that all 
contributions to the F-terms must be much smaller than £ 2 . 

Let us first consider the flat directions for which \(0 a )\ 2 > \{9 a )\ 2 DSW hold for all 
a. The minimization procedure amounts to adjusting the field vevs around this flat 
direction so as to obtain the lowest value for the scalar potential; as a result, some fields 
acquire vevs of the order of the supersymmetry breaking scale m, or of an intermediate 
scale such as (m Mpi) 1 / 2 . Clearly those cannot be the 6 fields. In addition, the x an d $ 
fields cannot have a vev of order £, otherwise some invariant of the form S #o°$i 1 . . . 9^f 
or x m 9q 1o 9™ 1 ■ ■ ■ 9^ N would give a contribution of order £ 2 to the F-terms. As a result, 
the low-energy vacuum is a slight deviation from the DSW vacuum: 



\{0a)Y ^ \(0a)\h SW <*i>, (X l ) « e (24) 

This is perfectly consistent with the conclusions from the flat direction analysis: flat 
directions along which \ {9 a )\ 2 > \(9a)\j}SW ^ or au a are lifted down to the DSW vacuum 
by the F-terms, and the only effect of supersymmetry breaking is to give a small vev 
to the x an d $ fields. Note that the symmetries of G are not broken at the scale £. 

Consider now the flat directions for which \{9 a )\ 2 > K^a)li>SW does not hold for 
all a. Contrary to the previous type of flat directions, these may be only partially 
lifted at the supersymmetric level, and the effect of supersymmetry breaking is to lift 
them completely, leading possibly to undesired vacua, as we illustrate bellow. For this 
purpose, we go back to the example of Subsection |2.3.1 and consider the flat direction 



(Qi,ui, H u , 9q, 9\) associated with the non-holomorphic invariant Q\U\H U 9q 1 9\. Since 
along this flat direction |(#o}| 2 < |(^o)||)sw> we can see from (16) that, in the case 
no > 0, F U2 can be small compared to £ 2 while v 2 s = |(Qi)| 2 = |(iti)| 2 = \{H U )\ 2 is of 
order £ 2 . For example, in the case no = 1, the minimization of the scalar potential could 
yield {9q) ~ fh (with \(Fu 2 )\ 2 ~ m 2 £ 2 being compensated for by e.g. rh 2 H \{H U )\ 2 , with 
fhjf negative). In this case, the Standard Model symmetries would be broken at the 
scale £. We conclude that such flat directions are potentially dangerous and should be 
lifted at the supersymmetric level, in the way that has been discussed in the previous 
section. For instance, the problem disappears in the no = case, since v$ ~ £ would 
give F n2 ~ £ 2 , which as stressed before cannot be the case at the minimum of the scalar 
potential. 

From this qualitative discussion, we conclude that supersymmetry breaking does 
not change radically the conclusions from the flat direction analysis. Its two main 
effects are to modify slightly the DSW vacuum by giving small or intermediate vevs to 
the x an d 3* fields, and to lift the flat directions that are present in the supersymmetric 
theory. It is therefore essential to check, in a specific model, that the flat directions 
that may lead to undesired vacua are completely lifted already in the supersymmetric 
limit. 



4 Summary of the procedure 

We now summarize the generic procedure to analyze flat directions in anomalous 
U(l) models that satisfy conditions (a) and (b): 

1. find a basis S\, . . . , S p for holomorphic G-invariants involving only $ fields; add 
to this basis all G-singlets xii ■ ■ ■ ■> Xq- 
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for each element of the basis, compute the set of numbers (ra , . . . , n/v) defined 
by (||). The corresponding D-flat direction is (S ;9) in the case of a G-invariant, 
and (x]6) in the case of a G-singlet; the vevs of the 9 fields are determined by 
([|), and they satisfy the constraints: 

\(9 a )\ 2 > \(0a)\l sw n a > 

(25) 

, \(0a)\ 2 < \{0 a )\lsw "a < 

3. the most general D-flat direction involving a set of fields ({<&«}; {Xi}) is param- 
eterized by the vevs of the x% an d the the latter being subject to constraints 
(fl^). The vevs of the 9 fields are determined by (|l3|), which implies 

\{9 a )\ 2 > \{9 a )\ 2 DSW if <, < > (26) 

for all relevant S a and Xi- 

4. determine which flat directions are lifted by F-terms. Two cases must be distin- 
guished: 

- flat directions for which all relevant {n^ ; n l a } are positive are lifted down to the 
DSW vacuum by F-terms. 

- other flat directions are only partially lifted, unless invariants of the form 

S' O^O™ 1 ...9^, where S' contains no more than one field that does not have 
a vev, are present in the superpotential. For this to happen, the n' a must satisfy 
the conditions specified in Subsection [2.3.3 . Several such invariants are in general 



necessary to lift completely the flat direction. 

once the presence of the invariants required to lift a given flat direction has 
been checked, a more carefull analysis should take into account the possibility of 
cancellations inside the F-terms, and show that the flat direction is indeed lifted 
at some order. Also, one should check that cancellations do not allow other stable 
vacua of singlets than the DSW solution, even though such a possibility seems to 
be very unlikely. 



5 The vacuum of a realistic low-energy model 

In the top-bottom approach of constructing models with an anomalous U(l), one 
typically obtains upon compactification of a superstring a certain set of fields that here 
we called "G-singlet" . Then this set has to be divided into a subset that takes a vev 
at a scale £ ( u 9 set" ) and a subset that does not ( "x set" ) . Unfortunately, in realistic 
model building this separation has turned out to be far from unique. From the vacuum 
point of view therefore the minimalistic, bottom-up approach is advantageous, in the 
sense that one can ensure that the 9-set is unique. The simplest way to achieve this in a 
model with an anomalous, flavor blind U(l)x, is to allow vevs only to those G-singlets 
that have nonnegative X charges. A model with such property has been constructed 
|p2]| . Here, we will look only at its vacuum structure by applying the systematic analysis 
of section ^. The gauge group of the model is G = SU (3) c x SU(2) W x U(l)y augmented 
by three additional U (l)'s, one of which is anomalous and flavor blind (X) and the other 
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two {Y\ and Y2) are nonanomalous, flavor dependent, combinations of the generators 
Y, V and V of E$. The field content is three families of fields in the 27 of Eq plus 
several G-singlets, among which three 8 a fields with charges that form the matrix 




A= 0-11 (27) 



where the first row is their X-charges, the second and the third rows are their Y\ and 
Y2 charges respectively. The fact that det^4 7^ and that the first column of A^ 1 is 
(1, 1, 1), ensures the existence of the vacuum configuration (8%, 82, 83). Then, we have 
to extend the basis of MSSM holomorphic invariants of Ref. |^l| to take into account 
the presence of vector-like matter in the model, and compute the powers of the 8 fields 
for each basis invariant, as well as for each Standard Model singlet. In addition we 
must check that the superpotential does not contain a term linear in a \ field (such 
a term would be for example NiO^O^O^ 3 with n-i, 712,713 nonnegative integers). It 
turns out that, for a convenient choice of the X-charge, all the supersymmetric zeroes 
of this model reside in the sector that contains the fields lying in the 16 of S'O(IO). 
A list of all the supersymmetric zeroes of the model can be found in table 1. It is 
remarkable that among the total number of invariants which is of order of thousands 
we find only a few zeroes due to negative powers. The first column of the table contains 
the basis invariant. In the second column, by solving (|J), we compute the powers of the 
8 fields corresponding to that basis invariant. The third column shows the potentially 
dangerous flat direction associated with the invariant of the first column, and the fourth 
column an holomorphic invariant that lifts it. 

Finally we would like to stress the fact that in this example we checked flat direc- 
tions that correspond only to basis invariants. However, as mentioned in the general 
discussion, in a complete analysis one has to look at all possible invariant polynomials 
containing negative powers and their associated "composite" flat directions, and check 
that the invariants present in the superpotential actually lift them. Such an analysis is 
beyond the scope of this paper. 



6 Conclusion 

In this letter, we exposed a systematic procedure to study flat directions in a large 
class of anomalous U(l) models. Those models, whose gauge group contains a set of 
Abelian horizontal symmetries connecting the observable sector to the hidden sector, 
are prototypes of models of mass hierarchies. We stated the conditions ensuring the 
uniqueness of the DSW vacuum that breaks those symmetries, so that the model gives 
definite predictions for mass hierarchies. More generally, we gave a very simple way to 
identify flat directions that may lead to other vacua, and studied under which condi- 
tions they are lifted by .F-terms. We also checked that supersymmetry breaking only 
slightly modifies the conclusions from the flat direction analysis. In particular, when all 
potentially dangerous flat directions are already lifted at the supersymmetric level, the 
only expected effect of supersymmetry breaking is to shift slightly the DSW vacuum 
by giving small or intermediate vevs to fields that are not involved in it. 

The structure of the models we considered is characteristic of a large class of effective 
string theories. In principle, one can apply our procedure to these (provided that 
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conditions (a) and (b) are fulfilled), but some of our conclusions may be escaped, 
because discrete symmetries and string selection rules prevent a lot of holomorphic 
invariants from appearing in the superpotential. In particular, the uniqueness of the 
DSW vacuum - which is of great phenomenological significance - is not ensured in 
generic string models. 
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Table 1: Flat Directions of Model of Ref. [J22J] 



Basis Invariant 


(ni,n 2 ,n 3 ) 


h lat Direction 


Invariant in W that lilts the b D 


N 3 


(3/2,-1/2,1/2) 


<n 3 , e u e 3 > 


N2N3 0f 0| 


LiH u 


(-3/2,1/2,5/2) 


< Li, H u , 2 , 63 > 


Li7V 3 H u 3 3 


L2H U 


(-3/2,1/2,-1/2) 


< L 2 , H u , 0i(0 3 ), 02 > 


L 2 iV 3 H u 


LsH u 


(-3/2,1/2,-1/2) 


< L31 H u , 0i (#3), 2 > 


L 3 iV 3 H u 


L 2 eiH d 


(3,2,-1) 


< L2, ei, H d , 0i, 02 > 


L 2 e 3 H d 3 


L 3 eiH d 


(3,2,-1) 


< L 3 ,ei,H d ,0i,0 2 > 


L 3 e 3 H d 3 


L 2 L 3 ei 


(3/2,5/2,-3/2) 


< L 2 , L 3 , ei, 0i, 2 > 


L 2 L 3 eiiVi0^6 


L2L3S3 


(3/2,1/2,-1/2) 


< L 2 , L 3 , e 3 , 0i, 02 > 


L 2 L 3 e 3 iV 3 0? 


L 2 Q3d 2 


(3/2,1/2,-1/2) 


< L 2 ,Q 3 ,d 2 ,0i,02 > 


L 2 Q 3 d 2 ]V 3 03 


L 3 Q 3 d 2 


(3/2,1/2,-1/2) 


< L 3 ,Q 3 ,d 2 ,0i,0 2 > 


L 3 Q 3 d 2 iV 3 3 


L 2 Q 3 d 3 


(3/2,1/2,-1/2) 


< L 2 ,Q 3 ,d 3 ,0i,0 2 > 


L 2 Q 3 d 3 iV 3 3 


L3Q3d 3 


(3/2,1/2,-1/2) 


< L 3 ,Q 3 ,d 3 ,0i,0 2 > 


L 3 Q 3 d 3 iV 3 3 


u 3 d 2 d 3 


(3/2,1/2,-1/2) 


< u 3 ,d 2 ,d 3 ,0i,0 2 > 


u 3 d 2 d 3 7V 3 3 


Q 3 u 3 eiH d 


(9/2,3/2,-1/2) 


< Q 3 ,u 3 ,ei,H d ,0i,0 2 > 


Q 3 u 3 H u 


Q 3 u 3 e 3 H d 


(9/2,-1/2,1/2) 


< Q 3 ,u 3 ,e 3 ,H d ,0i,0 3 > 


Q 3 u 3 H u 


Q 3 u 3 L 2 ei 


(3,2,-1) 


< Q 3 ,u 3 ,L 2 ,ei,0i,0 2 > 


Q 3 u 3 H u 


Q 3 u 3 L 3 ei 


(3,2,-1) 


< Q 3 ,u 3 ,L 3 ,ei,0i,0 2 > 


Q 3 u 3 H u 


Q 3 u 3 Q 3 u 3 ei 


(9/2,3/2,-1/2) 


< Q 3 ,u 3 ,ei,0i,0 2 > 


Q 3 u 3 H u 


Q 3 u 3 Q 3 u 3 e 3 


(9/2,-1/2,1/2) 


< Q3,u 3 ,e 3 ,0i,0 3 > 


Q 3 u 3 H u 


did 2 d 3 L 2 L 3 


(3/2,3/2,-1/2) 


< di,d 2 ,d 3 ,L 2 ,L 3 ,0i,0 2 > 


did 2 d 3 L 2 L 3 ]V 3 0f0 2 
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